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We have developed a coating technology to reduce the moisture permeation rate through a 
polycarbonate plastic film substrate to below 1 X 10" 5 g/m 2 /day using plasma-enhanced chemical 
vapor deposition. Unlike other ultrahigh barrier (UHB) coatings comprised of inorganic and organic 
multilayers, our UHB coating comprises a graded single hybrid layer of inorganic and organic 
materials. Hardness and modulus of the inorganic and the organic materials are tailored such that 
they are similar to those of typical glass-like materials and thermoplastics, respectively. In this 
barrier structure, the composition is periodically modulated between the inorganic and the organic 
materials, but instead of having distinctive interfaces between two materials, there are "transitional" 
zones where the coating composition changes continuously from one material to another. Our UHB 
coating also has superior visible light transmittance and color neutrality suitable for the use of 
display and lighting device substrates. © 2005 American Vacuum Society. 
[DOI: 10.1116/1.1913680] 



I. INTRODUCTION 

The use of plastic film substrates enables fabrication of 
new applications in the area of flexible opto-electronics, such 
as flexible display and lighting, using low-cost roll-to-roll 
fabrication technologies. One major limitation of bare plastic 
film substrates in these applications is the rapid oxygen and 
moisture diffusion through the substrates and subsequent 
moisture and oxygen induced degradation of the opto- 
electronic devices. Thus, it is imperative for the plastic sub- 
strate to have hermetic coatings to prevent moisture and oxy- 
gen permeation. 1 " 6 There has accumulated a great amount of 
literature over the last 20 years on applying vacuum- 
deposited inorganic layers on plastic substrates in order to 
improve the barrier properties against water vapor and oxy- 
gen permeation. 7 ~ !1 Although bulk inorganics such as a per- 
fect SiOo film are effectively impermeable to moisture and 
oxygen, 1 ,l3 single-layer inorganic barrier coatings reduce 
the moisture and oxygen permeation rates by at most two to 
three orders of magnitude as compared to those through the 
uncoated plastic. 9,10,14 " 16 The reason for the limited barrier 
improvement attainable with a single inorganic barrier coat- 
ing is now well understood to be due to nanometer- to 
micron-sized defects in the coating that originate either from 
the surface roughness of the underlying substrate or from the 
inorganic coating processing conditions. 17 These defects pro- 
vide easy pathways for moisture and oxygen diffusion, and 
thus limit the barrier performance. Evidence of this defect- 
driven permeation mechanism can be found through studies 
of permeation rate as a function of inorganic coating thick- 
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ness. Permeation rate through a defect-free bulk film should 
exhibit Fickian diffusion and should thus vary inversely with 
film thickness. However, this is not normally observed for 
thin-film barrier coatings. Typically, the gas permeation rate 
reduces rapidly by two to three orders of magnitude with 
increasing coating thickness up to a ''critical thickness" of 
10-30 nm but, for larger thicknesses, the permeation rate 
does not decrease further. 10,16 Thus, regardless of barrier ma- 
terial or deposition method, the best barrier performance 
from a single-layer inorganic coating is several orders of 
magnitude short of the organic light-emitting diode (OLED) 
requirement. 

In order to meet the stringent requirements put forth for 
the design of OLEDs and other organic electronic devices on 
plastic substrates, a robust coating design should be realized 
that avoids the hindrance of barrier improvement by defects. 
Multilayer barrier structures comprised of multiple sputter- 
deposited aluminum oxide inorganic layers separated by 
polymer multilayer (PML) processed organic layers have 
demonstrated promising moisture permeation rates in the 
range of 10~ 6 - 10~ 5 g/m 2 / day. 18-20 Jt is commonly under- 
stood that organic layers decouple the defects in the inor- 
ganic layers and thus prevent their propagation from one 
inorganic layer to the other. 21 A modeling study suggests that 
this defect decoupling due to the organic/inorganic multilay- 
ers forces a tortuous path for moisture and oxygen diffusion, 
and thus reduces the permeation rate by several orders of 
magnitude. 16 Another study suggests that the inorganic/ 
organic multilayer stack leads to higher performance through 
a transient rather than steady-state phenomenon. 22 Regard- 
less of mechanism, this multilayer barrier stack approach ap- 
pears to be capable of yielding the required level of perfor- 
mance for OLED applications. 
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Fig. 1 . The schematic of the plasma reactor. 
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Fig. 2. Illustration of the calcium corrosion test setup and the test cell 
geometry. 



One potential limitation of the multilayer stack approach 
is that this type of structure tends to suffer from poor adhe- 
sion and delamination, especially during the thermal cycles 
of the OLED fabrication processes, since the inorganic and 
organic layers have sharp interfaces with weak bonding 
structure due to the nature of the sputter deposition and PML 
processes. ' In order to overcome this, we have developed 
a graded ultrahigh barrier (UHB) coating using plasma- 
enhanced chemical vapor deposition (PECVD) that can ef- 
fectively stop defects from propagating through the coating 
thickness. In this article, we describe the fabrication of the 
UHB coating in a parallel plate capacitively coupled plasma 
reactor and its properties, including barrier performance and 
optical transparency. 

II. EXPERIMENTS 
A. PECVD reactor 

The experiments were conducted in a commercially avail- 
able parallel plate capacitively coupled plasma reactor (Plas- 
matherm 790) shown schematically in Fig. I. 16 This type of 
reactor is commonly used to etch polysilicon or deposit thin 
films. This reactor is equipped with optical emission spec- 
trometer (Ocean Optics USB2000) to monitor the optical 
emissions from the plasma during the process. Radio fre- 
quency power in the range of 100-500 W at 33.56 MHz is 
capacitively coupled to plasma through a bottom electrode. 
The electrode and reactor walls were kept constant at 55 °C 
by a cooling system. Gas flow into the reactor is controlled 
by mass flow controllers (MFCs). The gases enter the reactor 
through the showerhead 1 in. above the bottom electrode, 
and are pumped by a 270 m 3 /h root blower pump package. 
The reactor base pressure is below 10 mTorr and typical op- 
erating pressure is between 100 and 1000 mTorr. The reactor 
pressure is controlled by a variable position butterfly valve. 
The 125 fim thick high heat polycarbonate films were cut 



into pieces, each 200 mm in diameter, which were framed 
between two aluminum rings for the ease of handling, and 
placed on the bottom electrode. 

B. Ca corrosion test 

One major obstacle in developing the UHB coatings is the 
lack of a readily available measurement system for the water 
vapor transmission rate (WVTR) in the range of 
10~ 5 -10~ 6 g/m 2 /day. In this study, a WVTR measurement 
system was built based principally on the degradation of Ca 
as it reacts with water vapor. 25,2 The schematics of a cal- 
cium cell, the measurement system, and the cell geometry 
are shown in Fig. 2. As water vapor and oxygen permeate 
through the substrate and/or the edge perimeter seal, or are 
being released from any internal sources (e.g., residual mois- 
ture in adhesive), they react with calcium inside the cell ac- 
cording to the following reactions: 

Ca + 2H 2 0-*Ca(OH) 2 + H 2 , 



26,27 



2Ca + Oo^2CaO. 



(1) 
(2) 



It has been shown in a similar technique that oxidation 
would account for less than 5% of the calcium degradation. 26 
Therefore, reaction (1) is predominant. As water vapor per- 
meation progresses, the calcium layer becomes thinner and 
more transparent. Since the optical density (OD) of a film is 
proportional to its thickness, WVTR can be calculated using 



WVTR 94 MM! lcaWca <*(OD) 

WV IK = -2A — - — — pr» 1 

M[Ca] PCa L S W S dt 



(3) 



where A is the scaling factor between calcium thickness and 
OD, M[H 2 0] and M[Ca] are the molar masses of water and 
Ca with values of 18 and 40.1 amu, respectively; p Ca is the 
density of calcium; L Ca and W Ca are the length and width, 
respectively, of the deposited Ca; L s and W s are the respec- 




Fig. 3. The schematic of the graded inorganic/organic 
UHB coating. 
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Table I. Conditions of two base PECVD processes and material properties. 





Inorganic process 


Organic process 


Precursors 


SiH 4 (2% in He) 


SiC,H y 




NH^ 


(C weight % >50%) 




o 2 


Ar 


Flow rate (seem) 


20-500 


50-100 


Pressure (mTorr) 


100-1000 


100-1000 


rf power (W) 


1UU— 4UU 


1UU-4UU 


Film hardness (GPa) 


10-15 


<l 


Film modulus (GPa) 


100-500 


<io 


Film %T 


>95% 


>95% 


Deposition rate (nnVmin) 


40-60 


40-80 
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Fig. 5. Time-resolved optical emission spectra for the PECVD graded UHB 
processes with (a) 40 nm and (b) 5 nm of the "transitional" zone thickness. 



tive length and width of the permeation area defined by the 
interior boundary of the edge perimeter seal (Fig. 2), and 
d{OD)ldt is the slope of the measured optical absorbance as 
a function of time. More details of the calcium test cell fab- 
rication and testing procedures have been described 
elsewhere. 28 

III. RESULTS AND DISCUSSION 

The UHB coating consists of a graded single hybrid layer 
made up of inorganic and organic materials as schematically 
shown in Fig. 3. In this barrier structure, the organic materi- 
als effectively decouple defects growing in the normal direc- 
tion to the film but, instead of having a sharp interface be- 
tween inorganic and organic materials, there are 
"transitional" zones where the coating composition varies 
continuously from inorganic to organic and vice versa. These 
"transitional" zones bridge inorganic and organic materials, 
resulting in a single layer structure with improved mechani- 
cal stability and stress relaxation, 21 relative to that of 
multilayer barrier structures. 

A. Fabrication of graded UHB coating 

There are two base PECVD processes required to fabri- 
cate the UHB coating: an inorganic and an organic process. 
The inorganic process utilizes a combination of silane (2% 
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Fig. 4. XPS analyses on the coating composition as a function of precursor 
gas composition. 



silane diluted in He), ammonia, and oxygen gases to create a 
material composition ranging between silicon nitride and 
silicon oxide. The organic process includes a combination of 
organosilicon precursor and Ar gases to create a Si- 
containing organic material. The inorganic and the organic 
processes were tailored such that the resulting materials have 
similar hardness and elastic modulus to those of glass-like 
materials and thermoplastics, respectively. Table I summa- 
rizes the process conditions and material properties. Hereaf- 
ter, the inorganic and the organic materials are defined as 
those deposited with 0% and 100% organic precursor con- 
centration, respectively. The composition of the inorganic 
material (0% organic precursor) and the organic one (100% 
organic precursor) can be found in Fig. 4. 

Although PECVD inorganic film, such as silicon oxide 
and aluminum oxide, deposited on organic materials by na- 
ture has tens of nanometers thick "transitional" regions that 
exhibit a continuously graded composition between inor- 
ganic and organic materials due to ion bombardment, 21 high 
energy ion bombardment normally results in a highly 
stressed film, which adversely affects the adhesion of subse- 
quent layers. For instance, OLED devices typically require 
the deposition of a transparent conductive oxide electrode 
such as indium tin oxide on top of the UHB. A low stress 
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Fig. 6. Depth-profile XPS spectrum for the graded inorganic/organic UHB 
coating. 
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Fig. 7. Cross-sectional TEM images of the graded UHB coating with (a) low magnification and (b) high magnification. 



barrier coating is desirable for better adhesion of this layer. 
Thus, instead of resorting to high ion bombardment energy, 
our graded UHB structure is obtained by gradually mixing 
the inorganic and the organic processes. At constant pressure 
and rf power, each mass flow controller for individual pro- 
cess gases is programmed to achieve continuous composi- 
tional changes, while the plasma remains on, in order to 
achieve a gradual change in the coating composition from 
inorganic to organic materials and vice versa. For example, if 
one wants to achieve a coating composition that comprises 
90% inorganic and 10% organic materials, MFC values for 
the inorganic and the organic process gases are set at 90% 
and 10% with respect to their original values, respectively. 
The thickness of the "transitional" zone is determined by the 
time to change the precursor gas composition from the inor- 
ganic process to the organic one and vice versa. Typically, 
due to the nonlinearity of the plasma process, mixing of pre- 
cursors for two different processes often results in unex- 
pected coating compositions unless the process conditions 
are carefully selected. In order to prevent this possibility, the 
inorganic and the organic processes were developed at the 
same pressure and rf power. In addition, the inorganic and 
the organic processes were optimized to have comparable 
deposition rates. 

In order to ensure that coatings with mixed organic and 
inorganic compositions could be deposited by keeping all 
PECVD process variables constant and by changing only the 
gas composition, coatings deposited from selected gas com- 
binations were analyzed. Figure 4 shows the results of x-ray 
photoelectron spectroscopy (XPS) analysis of these coatings. 
For these measurements, the coatings were deposited onto a 



silicon substrate and a few monolayers of the coating were 
removed from the top surface by low energy Ar sputtering to 
eliminate surface contamination. Figure 4 indicates that a 
linear change in the coating composition can be achieved 
with a linear change in the precursor gas composition. For 
example, the carbon concentration is nearly zero when the 
precursor gas composition is that of the pure inorganic pro- 
cess, and increases linearly with increasing percentage of the 
organic precursor. Note that the precursor gases for the or- 
ganic process do not contain oxygen; the oxygen present in 
the 100% organic process is due to desorption from the re- 
actor and/or oxidation of the organic coating at the atmo- 
sphere. 

Based on these results, processes were developed to cre- 
ate a single coating with the graded structure depicted in Fig. 
3 and varying thickness of the "transitional" zones between 
inorganic and organic materials. Figures 5(a) and 5(b) com- 
pare the time-resolved optical emission spectra obtained dur- 
ing processing for two different processes with planned 
"transitional" zones of 40 and 5 nm, respectively. For these 
measurements, representative emission lines (O at 777 nm 
for the inorganic process and Ar at 751 nm for the organic 
process) were selected to monitor the precursor composition 
change during the UHB deposition. The plasma was on for 
the whole time at constant pressure and rf power during the 
process. Figure 5 clearly indicates that a continuous change 
in the plasma composition is achieved during both UHB pro- 
cesses. The O emission intensity that represents the inorganic 
precursor fraction is high during the inorganic process, and 
decreases continuously towards a baseline when the fraction 
of the organic process gases monotonically increases during 



J. Vac. Sci. Techno!. A, Vol. 23, No. 4, Jul/Aug 2005 



975 



Kim ef a/.: Transparent hybrid inorganic/organic barrier coatings 



975 




100 



0.2 0.4 0.6 0.8 

Cy(0 J+ NH 3 ) 





1.8 






I ■ 1 


index 


1.7 








ictive 


1.6 








1 

s 


1.5 




rV 






1.4 









1.0 



70 



50 w 
c 

40 -2 
30 I 
20 § 
10 O 



0.0 



0.2 



0.4 0.6 0.8 

0 2 /(0 2+ NH 3 ) 



Fig. 8. (a) Coating composition and (b) the refractive index at 550 nm of the 
inorganic material as a function of oxygen flow rate. 



the "transitional" zone process. At the same time, the Ar 
emission intensity that represents the organic precursor frac- 
tion increases continuously. 

In order to verify that the desired graded composition 
coatings were made, depth-profile XPS measurements and 
cross-sectional transmission electron microscopy (TEM) 
were performed on the final coatings. The depth-profile XPS 
analysis for the 40 nm transition zone sample shown in Fig. 
5(a) is shown in Fig. 6. The data clearly suggest a continuous 
change in composition as a function of sputter time and 
hence depth. The XPS depth profiling was accomplished 
with low energy Ar sputtering. However, there is still the 
possibility that the apparently continuous change in compo- 
sition observed may be an artifact caused by chemical 
changes of the surface induced by mixing or preferential 
sputtering of the elements. 23 In order to eliminate this inter- 
pretation, cross-sectional TEM analysis was performed in 
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Fig. 9. The overall visible light transmittance and its standard deviation of 
the graded UHB coating as a function of oxygen flow rate in the inorganic 
process. 
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Fig. 10. The complete %T spectra through two distinctive UHB coatings: 
(a) silicon nitride as the base inorganic material (oxygen flow fraction of 0), 
and (b) silicon oxynitride as the base inorganic material (oxygen flow 
fraction of 0.25). 



parallel on the same coating. Figure 7 shows representative 
TEM images. The images clearly depict a graded structure 
without a discrete interface. 

B. Refractive index matched UHB 

Superior light transmittance and color neutrality is an- 
other critical substrate requirement for optoelectronic devices 
such as OLEDs. One issue with the multilayer approach to a 
UHB is that the separate organic and inorganic layers typi- 
cally have different indices of refraction. This leads to mul- 
tiple reflections and usually additional loss of optical trans- 
mission through the multilayer stack. One way around this is 
to engineer the thickness of the layers to create an interfer- 
ence effect that improves light transmission. Unfortunately, 
the optimal thicknesses for optical performance are usually 
not the optimal thicknesses for barrier performance, so that 
overall coating optimization involves an undesirable 
tradeoff. 16 ' 21 

The single graded layer UHB approach can circumvent 
this tradeoff. In particular, since PECVD is utilized to de- 
posit both inorganic and organic materials, there is a large 
freedom to tailor film properties such as refractive index 
through film composition. Thus, it is possible to develop a 
process that yields the same refractive index for both the 
organic and inorganic materials and hence avoid multiple 
reflections. We chose to do this by modifying the inorganic 
material such that its index matched that of the organic one 
(n~1.5). 

Figures 8(a) and 8(b) show the coating composition and 
refractive index of the inorganic material at 550 nm as a 
function of oxygen flow rate. The inorganic coatings were 
deposited on a Si chip at various oxygen flow rates while 
total flow rate was maintained at a constant value. The coat- 
ing composition was obtained using XPS and the refractive 
index was obtained using spectroscopic ellipsometry. One 
can see that the atomic oxygen concentration increases rap- 
idly with a small addition of oxygen in the precursor gases, 
and simultaneously refractive index dramatically decreases 
from —1.8 (silicon nitride) to —1.5 (silicon oxynitride). 
Atomic oxygen concentration then increases slowly and 
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Fig. II. Optical density vs time plots for the UHB and glass/glass reference 
cells, obtained from the calcium corrosion test. 



finally saturates with a further increase in oxygen flow rate, 
and refractive index decreases slowly to ~l.4 (silicon 
oxide). 

In order to test the overall effect of these inorganic pro- 
cess changes, the UHB coatings were deposited onto the 
polycarbonate films with the various oxygen flow rates for 
the inorganic process and the overall light transmittance 
(%T) through the coated films was collected using a UV-Vis 
spectrometer. An average %7and its standard deviation were 
calculated over the wavelength range of 400-700 nm to as- 
sess the optical transparency and the amplitude of any inter- 
ference effects, respectively. Figure 9 shows these param- 
eters as a function of oxygen flow rate. Note that the average 
%T is ~86% when the UHB coating includes silicon nitride 
as an inorganic material, but it increases to above 90% as the 
oxygen flow rate in the inorganic process increases. One can 
also see that the amplitude of interference is at a minimum 
when the oxygen flow fraction is ~0.2, where the refractive 
index of the inorganic material matches that of the organic 
material. Figure 10 compares the complete %T spectra 
through two distinctive UHB coatings: (a) silicon nitride as 
the base inorganic material (oxygen flow fraction of 0), and 
(b) silicon oxynitride as the base inorganic material (oxygen 
flow fraction of 0.25). One can see that with the given silicon 
oxynitride as the inorganic material, the single layer graded 
barrier coating on the polycarbonate substrate indeed has 
higher overall transmission and greatly minimized interfer- 
ence fringes relative to that with silicon nitride as the base 
inorganic material. This demonstrates that highly transmis- 
sive and essentially color neutral barrier coatings can be 
made with our single layer graded approach to an UHB. 

C. Ultrahigh barrier performance 

The graded UHB coating with planned 40 nm thick "tran- 
sitional" zones shown in Fig. 5(a) was fabricated on the 
polycarbonate substrate, and the test cells along with glass/ 
glass reference cells were prepared as depicted in Fig. 3. The 
Ca corrosion test was performed at 25 °C and 50% relative 
humidity. Figure 1 1 shows selected OD changes through (a) 



the UHB and (b) the glass/glass reference cells as a function 
of time, from which WVTR values of 8.6 (±0.3) 
X10~ 6 g/m 2 /day for the UHB and 5.9 (±0.5) 
X 10~ 6 g/m 2 /day for the glass/glass reference cell were cal- 
culated using Eq. (3). Note that since glass is effectively a 
perfect barrier, WVTR of the glass/glass reference cell rep- 
resents the moisture permeation through the edge perimeter 
seals. 

IV. SUMMARY AND CONCLUSIONS 

We have developed an ultrahigh barrier coating of a 
graded single hybrid layer made up of inorganic and organic 
materials using PECVD. In this barrier structure, the compo- 
sition of the coating modulates periodically between the in- 
organic and the organic materials. The organic material ef- 
fectively prevents the propagation of the defects in the 
coating, and thus improves the barrier performance by sev- 
eral orders of magnitude as compared to that of a single layer 
inorganic coating. In this barrier structure, however, instead 
of having a distinctive interface between inorganic and or- 
ganic materials, there are "transitional" zones where the 
coating composition varies continuously from inorganic to 
organic and vice versa. These "transitional" zones bridge in- 
organic and organic materials resulting in a single-layer 
structure. In addition, the refractive index of the inorganic 
material was engineered to match that of the organic material 
that one can avoid multiple reflections and thus obtain supe- 
rior visible light transmittance. The moisture permeation rate 
of the polycarbonate substrate with the UHB coating mea- 
sured by the Ca corrosion test is less than I 
X 10~ 5 g/m 2 /day, meeting the stringent OLED substrate 
requirements. 
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